Tumor antigens that can induce specific cytotoxic Tlymphocyte responses to tumor cells have been identified and cloned (1) (2) (3) . Tumors that express such antigens infrequently induce cytotoxic T-lymphocyte responses adequate for their destruction, possibly because they lack essential immunologic cofactors. Two such factors, B7-1 (4, 5) and interleukin 12 (IL-12) (6), have been expressed separately in recombinant vaccinia virus and appear to improve the efficacy of tumor immunotherapy. Vaccinia virus is a well-characterized expression vector (7, 8) that has been used to express a wide variety of recombinant proteins (9) . Furthermore, this virus is an ideal vector for the induction of efficient cytotoxic T-lymphocyte responses to recombinant proteins (10) , inducing specific protective and therapeutic immune responses to both viral and cellular tumor antigens (11) (12) (13) .
The costimulatory molecule B7-1 is found on the surface of professional antigen-presenting cells, such as dendritic cells, and interacts with its ligands CD28 and cytotoxic T-lymphocyte antigen-4 expressed on most T cells. The simultaneous interactions of 1) the complex containing the peptide and the major histocompatibility complex with a specific T-cell receptor and of 2) B7-1 with CD28 are essential for the effective stimulation of antigen-specific cytotoxic T lymphocytes, mediated, in part, by the up-regulation and stabilization of interleukin 2 messenger RNA (14) . Stimulation via the T-cell receptor without costimulation can result in T-cell anergy or apoptosis. Although many tumors express major histocompatibility complex class I molecules and are able to present antigen, most do not provide costimulation. Transfection of tumor cells with B7-1 can effectively stimulate immunotherapeutic responses (15) .
The cytokine IL-12 is a heterodimer composed of two glycoproteins, p40 and p35, and is expressed primarily by activated B cells, monocytes, and macrophages (16) . This immunomodulatory cytokine has a variety of functions, including the induction of nonspecific natural killer cells and the maturation of CD8 + T cells into antigen-specific cytotoxic T lymphocytes (16) . In addition, IL-12 can stimulate type 1 CD4 + helper T cells that can lead to the production of interferon gamma and the induction of a cell-mediated response that is essential in the vaccine-based immunotherapy of established tumors. Inoculation of mice with a combination of irradiated tumor cells and fibroblast cells expressing IL-12 induced partial protection to subsequent challenge with nonirradiated tumor cells, thus implicating IL-12 as a potential immune adjuvant in the immunotherapy of cancer (17) . IL-12 given exogenously at high levels has also been shown to have effective antitumor activity in animal models (18) . Several reports (19) (20) (21) indicate that the effects of IL-12 are greatly enhanced when B7-1 and IL-12 are added together.
To create a cytokine microenvironment favorable to the antigen-specific activation of cytotoxic T lymphocytes, we examined the efficacy of IL-12 when endogenously expressed by a recombinant vaccinia virus or administered exogenously alone or in combination with B7-1, which augments antitumor responses (5). We have built a series of recombinant viruses that contain as many as five transgenes inserted into three loci of the viral genome to test the effectiveness of recombinant immunogens expressing a model antigen, IL-12, and B7-1. We tested these immunogens by treating a murine colon carcinoma cell line that had been transduced with a model tumor antigen, Escherichia coli ␤-galactosidase, to create a tumor line called CT26.C25 (22) (23) (24) .
The construction of these complex viruses required the development of a cassette system that uses three loci within the vaccinia viral genome-loci for hemagglutinin, thymidine kinase, and viral protein 37. We inserted up to five foreign genes into the viral genome by homologous recombination. The genes inserted were as follows: E. coli lacZ (that encodes ␤-galactosidase, the model antigen), E. coli gpt (xanthine-guanine phosphoribosyltransferase, a selection gene), murine B7-1, and the two subunits of murine IL-12 (p35 and p40). In this study, we explored the toxicity and efficacy of a triple-recombinant vaccinia virus expressing a model tumor-associated antigen alone or in combination with IL-12 and B7-1. We explored the possibility that recombinant viruses encoding specific target antigens and multiple immunostimulatory molecules may enhance the design of recombinant immunogens.
MATERIALS AND METHODS

Construction of Recombinant Viruses
Three gene loci within the viral genome-viral protein 37 (25) , thymidine kinase (7), and hemagglutinin-were used for the construction of the viruses in this study (Fig. 1) . The murine B7-1 gene (supplied by R. Germain, National Institutes of Health, Bethesda, MD) and the measles hemagglutinin gene (supplied by S. Rozenblatt, Tel Aviv University, Israel) were cloned into the transfer plasmid pRB21 under control of the vaccinia virus synthetic early/late promoter (26) . The protocol devised by Blasco and Moss (25) allowed us to insert the gene of interest, via homologous recombination, into the viral protein 37 loci of a plaque-deficient Western Reserve strain of vaccinia virus to yield the viruses termed vB7-1 and vMHA, respectively. The E. coli lacZ gene (encoding ␤-galactosidase) was introduced into the genomes of vaccinia B7-1 and vaccinia measles hemagglutinin by homologous recombination with the vaccinia virus transfer plasmid pSC65⌬ [a modification of pSC65 (26) , in which the vaccinia virus 7.5k early/late promoter drives expression of the lacZ gene]. Recombinant viruses were selected simultaneously for both their thymidine kinase-negative phenotype (7) and their ability to express ␤-galactosidase (27) . The transfer plasmid pGS69 (28) was used to insert the gene encoding nucleoprotein from influenza virus under the control of the vaccinia virus 7.5k promoter. Recombinant virus was selected on the basis of a thymidine kinase-negative phenotype and monolayer-immunostaining analysis. The two subunits of murine IL-12 were cloned into the plasmid pKT under the transcriptional control of vaccinia virus strong late promoters (6) and introduced into the hemagglutinin locus of recombinant vaccinia virus by homologous recombination. Recombinant viruses were isolated by gpt selection as described previously (29) .
Homologous recombination was performed by transfection of the transfer plasmid into infected BSC-1 monkey kidney cells as described previously (30) . Briefly, cells were infected at an approximate multiplicity of infection of 0. 
Immunostaining of Virus Plaques
The immunostaining of virus-infected cell monolayers is similar to that described previously (30) . Monolayers of BSC-1 cells were infected with recombinant vaccinia virus. Medium was removed 48 hours after infection, and cells were fixed in a 1 : 1 mixture of acetone and methanol for 2 minutes. Cells were washed in phosphate-buffered saline and incubated with primary antibody diluted in phosphate-buffered saline containing 2% fetal calf serum (phosphatebuffered saline-D) for 1 hour at room temperature. Cells were washed twice with phosphate-buffered saline and incubated with a 1 : 1000 dilution of horseradish peroxidase-conjugated protein A (Amersham Life Science Inc., Arlington Heights, IL) in phosphate-buffered saline-D. After two washes with phosphatebuffered saline, bound immunoglobulin was visualized by the addition of 0.5 mL of substrate solution (10 mL of phosphate-buffered saline containing 10 L of 30% H 2 O 2 and 200 L of a dianisidine [Sigma Chemical Co., St. Louis, MO]-saturated ethanol solution). Viruses were checked for stable expression of gene products by a two-step immunostaining procedure similar to that described previously (30) . Plaques were initially stained with an antibody recognizing one of the recombinant proteins; positive plaques were counted. In parallel, infected monolayers were stained with a rabbit anti-vaccinia polyclonal antibody. If the numbers of plaques stained in the two assays were similar, the virus was considered to be stable.
Western Blot Analysis
BSC-1 cells were infected at a multiplicity of infection of 10 with the relevant virus and incubated at 37°C for 24 hours. Cells were harvested in 0.5 mL of solubilization buffer (0.06 M Tris-HCl, 3% sodium dodecyl sulfate, 5% 2-mercaptoethanol, 10% glycine, and 0.002% bromophenol blue). After boiling, samples were separated on a 10% gradient gel and transferred to a nitrocellulose membrane by use of a transfer unit (Bio-Rad Laboratories, Richmond, CA). Proteins were detected by the incubation of membranes in a 1 : 500 dilution of sheep anti-IL-12 antibody (supplied by Stan Wolf, Genetics Institute, Cambridge, MA) and a 1 : 1000 dilution of a rat anti-B7-1 antibody (Pharmingen, San Diego, CA). Incubation with alkaline phosphatase (Pharmingen)-conjugated anti-species antibody (1 : 5000 dilution) and then incubation with a substrate for alkaline phosphatase were used to visualize bound antibody.
Flow Cytometry Analysis
Flow cytometry analysis was similar to the procedure described previously (32) . BSC-1 cells were infected for 18 hours at a multiplicity of infection of 10 with either recombinant vaccinia virus expressing B7-1 or control wild-type vaccinia virus. Monolayers were treated with trypsin to obtain a single-cell suspension, and cells were incubated with anti-cytotoxic T-lymphocyte antigen-4 immunoglobulin or the control ligand anti-CD71 immunoglobulin. Fluorescein isothiocyanate-conjugated anti-immunoglobulin was used to quantify ligand interactions.
Tumor Cell Lines
CT26 is an N-nitroso-N-methylurethane-induced undifferentiated colon carcinoma of BALB/c mouse (H-2 d ) origin. The generation of the ␤-galactosidaseexpressing CT26.CL25 subclone has been described elsewhere (22) . Briefly, a clone of CT26 (CT26.WT) was stably transfected with a retrovirus vector containing the lacZ gene under control of the retrovirus long terminal repeat. Subclones were evaluated for ␤-galactosidase expression and their ability to be lysed in a 51 Cr release assay by cytotoxic T lymphocytes specific for ␤-galactosidase. The subclone CT26.CL25 was used in all studies. CT26.WT and CT26.CL25 were maintained in RPMI-1640 medium containing 10% heat-inactivated fetal calf serum (Biofluids, Rockville, MD), 0.03% L-glutamine, streptomycin (100 g/mL), penicillin (100 g/mL), and gentamicin sulfate (50 g/mL) (National Institutes of Health Media Center, Bethesda, MD). CT26.CL25 was maintained in medium containing bioactive G418 (400 g/mL) (Life Technologies, Inc.). 7 plaque-forming units of recombinant vaccinia virus. Indicated groups received 0.5 g of recombinant murine IL-12 (from Stan Wolf) delivered intraperitoneally for 5 consecutive days after virus inoculation. All mice were randomly assigned to experimental groups and ear tagged before receiving virus. On day 12 after tumor inoculation, mouse lungs were removed and stained with India ink, and tumor nodules were counted by an individual who was blinded to the status of the animals as described previously (33) . Mice were cared for in accord with institutional guidelines. The number of mice in each of the 10 treatment groups is indicated at the bottom of Fig. 3 . Similarly treated groups of mice were followed for survival. No mice were killed early because of tumor burden. No assessable mice were excluded from the analysis. The number of mice that could be evaluated in each of the six treatment groups shown in Fig.  4 , A, was as follows: 15 mice in the group infected with vaccinia virus containing B7-1, ␤-galactosidase, and IL-12 (vB7/␤/IL-12) or with vaccinia virus containing B7-1, nucleoprotein, and IL-12 (vB7/NP/IL-12); 14 mice in the group infected with vaccinia virus containing B7-1, ␤-galactosidase, and a deletion of hemagglutinin (vB7/␤/⌬HA) or with vaccinia virus containing measles hemagglutinin, ␤-galactosidase, and a deletion of hemagglutinin (vMHA/␤/⌬HA); and 11 mice in the group infected with vaccinia virus containing measles hemagglutinin/␤-galactosidase/IL-12 (vMHA/␤/IL-12) or with phosphate-buffered saline. The number of mice that could be evaluated in each treatment groups, shown in Fig. 4, B 
Treatment of Established Tumors
infected with vaccinia virus containing B7-1, ␤-galactosidase, and a deletion of hemagglutinin; and 11 mice in the group infected with vaccinia virus containing measles hemagglutinin, ␤-galactosidase, and IL-12 (vMHA/␤/IL-12) or with phosphate-buffered saline.
Statistical Analysis
Lungs containing more than 300 metastases were defined as too numerous to count. Therefore, these data were analyzed with the nonparametric two-tailed Kruskal-Wallis test. The Mantel-Cox test was used to determine the statistical significance of the survival data. The statistical data were analyzed for overall difference among the groups, and then we reanalyzed the individual comparisons by adjusting P values by using a Bonferonni method to reflect the fact that we were making multiple pairwise comparisons. All P values are two-sided.
RESULTS
Design, Construction, and Analysis of Recombinant Vaccinia Virus Expressing Multiple Gene Products
We constructed a panel of viruses to elucidate the specific antitumor effects of coexpression of a model tumor-associated antigen with the immune cofactors IL-12 and B7-1, either individually or in combination. The panel of recombinant vaccinia viruses ( Fig. 1) was designed so that all recombinant viruses would express identical levels of model tumor-associated antigen and immune cofactors, because identical plasmids were used for homologous recombination. In addition, to control for the effects of viral open reading frame disruption (34) and highlevel expression of foreign genes on viral replication in vitro and in vivo, we inserted control genes into the designated loci. The measles hemagglutinin gene was used to control for the effects of recombinant vaccinia virus expression of B7-1 because it is a glycosylated protein of similar molecular weight. No ''triple control virus'' (measles hemagglutinin/nucleoprotein/gpt) was constructed or used in these studies. We have shown (22, 33 ) that wild-type fowlpox and vaccinia virus immunogens have no effect in this mouse model. A triple control virus (measles hemagglutinin/nucleoprotein/gpt) would almost certainly behave like the wild-type virus, known to mediate the expression of approximately 200 gene products. In other words, the expression of three irrelevant genes by large viruses, such as those in the poxvirus family, would be unlikely to alter its immunogenicity. Viruses were checked for stable expression of all recombinant gene products by use of a two-step immunostaining protocol, and all recombinant vaccinia viruses (including those expressing all five foreign genes) were found to be stable.
Specific vaccinia virus promoters were selected for expression of each recombinant gene. We used a vaccinia virus early/ late promoter to drive expression of our model tumor-associated antigen, ␤-galactosidase, because early expression has been shown to be beneficial for induction of cytotoxic T-lymphocyte and immunotherapeutic responses (35) . A synthetic early/late promoter was used for expression of B7-1 because we hypothesized that a high level of expression of the costimulatory protein may be more efficacious. The use of promoters for expression of the IL-12 subunits was dictated by the expression level requirements necessary for stability of the heterodimer (6). In addition, cytokines often function in a dose-dependent manner; therefore, poxvirus promoters yielding high levels of protein were used to drive expression of p35 and p40. We used the 7.5k promoter to drive expression of the model tumor-associated antigen ␤-galactosidase, as well as the selection gene gpt. The two 7.5k promoters were positioned so that, if homologous recombination and subsequent gene deletion occurred between these identical sequences, the resulting virus would not be viable because the intervening DNA region contains genes essential for vaccinia virus replication.
The expression of each of the transgenes was analyzed to ensure their fidelity before their use in vivo. Western blot analysis was carried out on all recombinant viruses (Fig. 2, A) . Murine B7-1 was observed as a diffuse band of approximately 55 kilodaltons (kDa) (Fig. 2, A; lane 1) . The two subunits of murine IL-12 were bands of approximately 40 and 35 kDa (Fig. 2, A;  lane 3) . The expression of biologically intact B7-1 was verified by its ability to bind one of its natural ligands, cytotoxic Tlymphocyte antigen-4. Anti-cytotoxic T-lymphocyte antigen-4 immunoglobulin could bind to the surface of the majority of cells infected with recombinant virus expressing B7-1, as shown by flow cytometry analysis (Fig. 2, B) . The activity of murine IL-12 expressed by recombinant vaccinia virus was determined by measurement of the proliferative response of phorbol 12-myristate 13-acetate-activated murine splenocytes in the presence of culture supernatants from cells infected with recombinant vaccinia virus, as described previously (6) . From these studies, it was calculated that the rate of in vitro expression of biologically active murine IL-12 was approximately 1.5 g/10 6 cells per 24 hours (6). ␤-Galactosidase was determined to be enzymatically active by staining cells with 5-bromo-4-chloro-3-indolyl ␤-D-galactoside.
Thus, we developed a ''cassette'' system in which three loci of the vaccinia viral genome were used for homologous recombination. The resulting triple-recombinant vaccinia viruses that were constructed mediated the expression of a model tumor antigen, ␤-galactosidase, expressed alone or in combination with B7-1 and/or IL-12. The resultant recombinant vaccinia virus contained the following five transgenes: B7-1, IL-12 (p35 and p40), lacZ (the model antigen), and gpt (selection gene), all of which were indeed expressed in their full-length functional forms.
Active Immunotherapy of Established Pulmonary Metastases With Multiple Recombinant Vaccinia Virus
To determine the antitumor effects of IL-12 and B7-1 when expressed independently or simultaneously with the model tumor-associated antigen, we treated mice bearing 3-day-old pulmonary tumors with 5 × 10 7 plaque-forming units of the respective recombinant vaccinia viruses. The results from three consecutive and identical experiments were pooled and analyzed (Fig. 3) . No mice were excluded from this analysis. Treatment with a recombinant vaccinia virus expressing tumor-associated antigen alone had a statistically significant effect compared with treatment with a control recombinant vaccinia virus, reducing the number of pulmonary metastases from more than 300 to 68 (P<.001). Coexpression of B7-1 and the tumor-associated antigen did not improve therapy in a statistically significant manner compared with tumor-associated antigen alone.
The group of mice receiving virus encoding IL-12 and tumorassociated antigen had fewer lung metastases than the group immunized with a virus containing tumor-associated antigen alone (median number of metastases ‫ס‬ 68 versus 24), although this result was not statistically significant when adjusted for the number of pairwise comparisons. This antitumor effect appeared to be specific for tumor-associated antigen because treatment with recombinant vaccinia virus expressing tumor-associated antigen and IL-12 was statistically significantly better than treatment with recombinant vaccinia virus expressing IL-12 and B7-1 with a control antigen, nucleoprotein (P<.001). Coexpression of both immune cofactors with ␤-galactosidase did not statistically significantly improve active therapy compared with coexpression of tumor-associated antigen and IL-12 alone.
Effects of B7-1 and IL-12 Coexpression on Survival of Mice Bearing 3-Day-Old Pulmonary Metastases
To determine whether treatment with recombinant vaccinia virus expressing tumor-associated antigen and immune modulators could prolong the survival of mice with 3-day established pulmonary metastases, we treated the animals with recombinant vaccinia virus encoding B7-1 and/or IL-12 (Fig. 4, A) . Treatment with recombinant vaccinia virus encoding tumorassociated antigen alone resulted in a statistically significant (P<.001) improvement in survival compared with treatment with recombinant vaccinia virus encoding an irrelevant tumorassociated antigen, nucleoprotein, with B7-1 and IL-12. Coexpression of tumor-associated antigen with B7-1 or IL-12 either independently or simultaneously did not increase average survival times of mice in a statistically significant manner compared with tumor-associated antigen alone. Because the addition of exogenous recombinant murine IL-12 to recombinant vaccinia virus-based therapy further decreased lung metastases (Fig. 3) , the effect of recombinant murine IL-12 on survival time was examined (Fig. 4, B) . Treatment with exogenous recombinant murine IL-12 alone was found to improve survival in a statistically significant manner when administered with or without control virus (P<.001) to mice bearing established CT26.C25 pulmonary tumors. Indeed, the effects of the exogenous IL-12 appeared to mask the effects of the recombinant vaccinia virus expressing tumor-associated antigen because there was no statistically significant difference between this virus and one expressing the control antigen nucleoprotein with B7-1 and IL-12. However, in the presence of exogenous IL-12, treatment with recombinant vaccinia virus containing B7-1 and tumorassociated antigen increased survival in a statistically significant manner compared with treatment with tumor-associated antigen alone (P ‫ס‬ .02).
DISCUSSION
This study shows the feasibility of constructing vaccinia viruses that express tumor antigens and multiple immune cofactors to create unique immunologic microenvironments that can modulate immune responses to cancer. We have generated a set of triple-recombinant vaccinia viruses that use a ''cassette'' system for their construction. Multiply recombinant anticancer vaccines based on poxviruses can be constructed in this fashion because three different loci within the vaccinia virus genome are used. We have constructed a panel of recombinant vaccinia viruses that enabled us to study the activities and contributions of tumor-associated antigen, B7-1, and IL-12 alone and in combination. Importantly, all viruses stably expressed biologically active IL-12, B7-1, and/or tumor-associated antigen. An advantage of the cassette system described in this article is the ability to rapidly screen immunoregulatory molecules for their function in cancer immunotherapy. Homologous recombination of one or more complementary DNAs could yield a recombinant vaccinia virus encoding tumor-associated antigen and the molecule(s) of interest.
Manipulation of the immune response may be a useful addition to current treatment options for human cancer. Lymphocytes can recognize and destroy tumor cells in vitro (2, 3) and in vivo (36) . It is likely that a proper immunologic microenvironment will promote the induction and maintenance of an antitumor immune response. Two immunostimulatory molecules that have been implicated in the antitumor immune response are IL-12 and B7-1. In this article, we show the successful antigenspecific treatment of a murine cancer by coexpressing tumorassociated antigen, IL-12, and B7-1 in a recombinant vaccinia virus. The treatment showed no obvious toxicity and was effective in reducing established lung metastases. In addition, when exogenous IL-12 was administered with a virus coexpressing tumor-associated antigen and B7-1, the treatment could increase the survival time of mice over that of mice that received exogenous IL-12 and a virus expressing tumor-associated antigen alone.
IL-12 has recently been shown (17) to have distinct antitumor effects in several model systems. It has also been shown to be effective when expressed by a recombinant vaccinia virus, although only in a preliminary model (6) . The therapeutic effectiveness of IL-12 expressed by recombinant vaccinia virus, determined to produce 1.5 g/10 6 cells per 24 hours in vitro for approximately 5 days [(6); Restifo NP: unpublished data], appeared no different from that of treatment with exogenous IL-12 at 0.5 g per mouse per day. We observed a statistically significant improvement in survival of mice that were treated with exogenous IL-12 and recombinant vaccinia virus expressing B7-1 and ␤-galactosidase. This effect was distinct from the antigen-independent effects of IL-12 that were observed in both sets of experiments. A statistically significant reduction in the number of lung metastases was observed when mice were treated with a control virus expressing an irrelevant tumorassociated antigen and exogenous IL-12 (Fig. 3) . In addition, mice bearing tumors established for 3 days survived statistically significantly longer than untreated mice when administered exogenous IL-12 alone (Fig. 4) . This nonspecific effect was further illustrated by our ability to treat a tumor lacking the model antigen (the CT26 cell line) with the administration of exogenous IL-12 (data not shown). Surprisingly, coexpression of B7-1 did not enhance the treatment effect of tumor-associated antigen or IL-12 in the lung metastases model as we have reported (5, 21) . This difference may be due to the fivefold higher dose of virus given in this study, which could have resulted in the immunostimulatory effect of the tumor-associated antigen overwhelming the effects of B7-1 and IL-12. Also, it should be noted that the function of B7-1 was demonstrated by binding to cytotoxic T-lymphocyte antigen-4, whereas the binding efficiency of B7-1 to CD28 is 20-fold lower (37) . In the survival model, however, when B7-1 was expressed in a virus along with tumor-associated antigen, an enhanced effect compared with the effect of tumor-associated antigen alone was observed when exogenous IL-12 was used, suggesting that the B7-1 was capable of engaging a positive signaling ligand, likely to be CD28. This finding is in agreement with results from survival experiments performed by Rao et al. (21) .
Because ␤-galactosidase is a xenogeneic antigen that is derived from E. coli and can be down-regulated in vivo over time (38) , the model described in this article can be paralleled only to tumors that express non-self antigens such as viral antigens or mutated ''self'' antigens. Many of the tumor-associated antigens recently characterized in melanoma are nonmutated self antigens (39) . However, it does appear that recombinant vaccinia virus can induce immune responses that can overcome tolerance to self antigens, as was shown for a recombinant vaccinia virus expressing the tyrosinase-related protein-1 in a C57BL/6 mouse model system. Two inoculations with the recombinant vaccinia virus were able to induce autoimmunity to melanocytes (Overwijk WW: unpublished data). Also, a related vaccinia virus strain, ectromelia, expressing a zona pellucida glycoprotein can induce infertility in mice (40) .
As a result of the effort of the World Health Organization's campaign to eliminate smallpox, many people born before 1970 will have recall immune responses to vaccinia virus, possibly decreasing the duration of expression in vivo. In recent years, alternative agents such as recombinant fowlpox virus (22) and naked DNA (41) have been developed as recombinant vectors. Although we and others continue to explore the use of recombinant vaccinia virus in clinical trials, the use of immunodulatory molecules such as B7-1 and IL-12, as well as others including interleukin 2 (33) , should be explored by use of alternative vectors, including DNA, expressing cloned tumor-associated antigen such as MART-1/MelanA, gp100, and tyrosinase.
